Pitch ability as an aptitude for tone learning by Bowles, Anita R. et al.
Boston University
OpenBU http://open.bu.edu
BU Open Access Articles BU Open Access Articles
2016-12
Pitch ability as an aptitude for tone
learning
This work was made openly accessible by BU Faculty. Please share how this access benefits you.
Your story matters.
Version
Citation (published version): Anita R Bowles, Charles B Chang, Valerie P Karuzis. 2016. "Pitch
Ability as an Aptitude for Tone Learning." Language Learning, Volume
66, Issue 4, pp. 774 - 808.
https://hdl.handle.net/2144/27466
Boston University
1 
RUNNING HEAD: An Aptitude for Tone 
 
EMPIRICAL STUDY 
 
Pitch Ability As an Aptitude for Tone Learning 
 
Anita R. Bowles,a Charles B. Chang,b and Valerie P. Karuzisa 
aUniversity of Maryland and bBoston University 
 
Tone languages such as Mandarin use voice pitch to signal lexical contrasts, presenting a 
challenge for second/foreign language (L2) learners whose native languages do not use pitch in 
this manner. The present study examined components of an aptitude for mastering L2 lexical 
tone. Native English speakers with no previous tone language experience completed a Mandarin 
word learning task, as well as tests of pitch ability, musicality, L2 aptitude, and general cognitive 
ability. Pitch ability measures improved predictions of learning performance beyond musicality, 
L2 aptitude, and general cognitive ability and also predicted transfer of learning to new talkers. 
In sum, although certain non-tonal measures help predict successful tone learning, the central 
components of tonal aptitude are pitch-specific perceptual measures. 
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Introduction 
For adults, mastering a second/foreign language (L2) can be challenging. Whereas some reach 
high levels of competence in one or more L2s, others remain “stuck” at beginner or intermediate 
levels, particularly in aspects of phonology and morphosyntax (Abrahamsson & Hyltenstam, 
2008; Harley & Wang, 1997; Johnson & Newport, 1989). During the 20th century, a number of 
tests were developed to predict which adult learners would be most successful at L2 learning. 
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These include the Army Language Aptitude Test (ALAT) (Carroll, 1981; Neumann, Abrahams, 
& Githens, 1968) and its successor, the Defense Language Aptitude Battery (DLAB) (Petersen & 
Al-Haik, 1976), the Modern Language Aptitude Test (MLAT) (Carroll & Sapon, 1959), the 
Pimsleur Language Aptitude Battery (PLAB) (Pimsleur, 1966), and the VORD1 (Parry & Child, 
1990). These tests were designed to measure the construct of foreign language aptitude, which 
Carroll (1981) described as “the individual’s initial state of readiness and capacity for learning a 
foreign language, and probable degree of facility in doing so” (p. 86). Thus, L2 aptitude 
encompasses two related, but separable, dimensions: capacity, which defines the level of 
eventual mastery that the learner can achieve (given optimal learning conditions), and facility, 
which refers to how quickly the learner will progress.	
Existing aptitude tests have primarily focused on measuring rate of attainment (i.e., the 
facility dimension), often for practical reasons. For example, tests developed by the US Army 
(e.g., DLAB) are used to inform the selection of military personnel for assignment to language 
training, based on their likelihood of successfully reaching a criterion level of proficiency within 
a given number of weeks (Carroll, 1981; Petersen & Al-Haik, 1976). Recently, research into the 
capacity dimension has led to the development of the High-Level Language Aptitude Battery 
(Hi-LAB), a test designed to measure a learner’s ability to reach nativelike proficiency in a L2 
(Doughty et al., 2010; Linck et al., 2013). Development of the Hi-LAB took place during a 
resurgence in research on L2 aptitude. Over the past two decades, work in this area has 
accelerated. In addition to research on the capacity dimension of L2 aptitude (e.g., Abrahamsson 
& Hyltenstam, 2008; Linck et al., 2013; Robinson, 2005), researchers have reconsidered the 
theoretical bases of L2 aptitude to update the construct, using findings from cognitive 
psychology and L2 acquisition (Miyake & Friedman, 1998; Robinson, 2001; Skehan, 2002; 
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Sparks, Patton, Ganschow, & Humbach, 2011). 	
Notably, existing aptitude tests were designed to measure general L2 aptitude (i.e., one’s 
overall aptitude for learning any L2, given sufficient motivation and appropriate instruction), not 
aptitude for specific languages. In the present study, we explored the possibility of refining 
measures of language aptitude by focusing on specific features of the target language known to 
be particularly challenging to L2 learners. In the next section, we explain the rationale behind 
this approach in further detail and apply the approach to L2 learning of lexical tone. 	
Background	
Differential Prediction of L2 Aptitude 
Although available aptitude tests have been validated with adult learners of diverse L2s, to date 
no test can determine whether a particular student’s aptitude may vary for different L2s. For 
example, might one student do well in Arabic, but struggle with Korean, or vice versa? This type 
of differential prediction is challenging, because languages vary along many dimensions 
including their typological distance from the native language (L1) and the relative complexity of 
their orthographic, phonological, and syntactic systems (see MacWhinney, 1996, for a review of 
these issues).	
The DLAB was originally intended to provide language-specific predictive validity, but 
ultimately no test (including the DLAB) provides differential prediction by language. Currently, 
some attempt at matching students to language is made by the US military, which uses DLAB 
scores as one criterion for assigning students to languages in four categories of difficulty for 
native English speakers (Lett & O’Mara, 1990). The easiest languages (Category I) are generally 
Indo-European languages with a familiar orthography and a fair number of English cognates, 
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whereas the most difficult languages (Category IV) are typologically distant from English and 
employ a non-Roman script. Matching students to language categories using this strategy 
appears to be successful (Lett & O’Mara, 1990). However, the question remains whether a more 
efficient system might be developed to match learners’ diverse profiles of strengths and 
weaknesses to specific languages. Periodic attempts have been made to identify aptitudes 
important for specific languages (Asher, 1972; Lett & O’Mara, 1990) or typologically similar 
groups of languages (Neumann et al., 1968), but they have not yielded clear results. 	
Identifying the set of aptitudes relevant to specific languages is difficult for several 
reasons, including the number of learners (observations) required and the need to control for 
language experience and curriculum across languages. However, we suggest that the primary 
reason for failure to identify aptitudes for specific languages is the granularity of the question. 
Any given language consists of many typological features, each of which may be challenging to 
L2 learners for various reasons. Thus, the proper level of analysis is not an entire L2, but the set 
of linguistic features that comprise an individual language, such as subtle phonological contrasts, 
a new orthography, a complex morphological system, or obligatory pragmatic features 
(MacWhinney, 1996). Thus, a more promising (and tractable) research question is whether 
aptitudes can be identified for linguistic features. If so, it follows that a given L2 could be 
evaluated in terms of its features and the alignment between those features and students’ 
aptitudes, to inform selection into a language and/or instructional interventions. As a test case, 
the current study examined aptitude for a crosslinguistically common feature (found in over 40% 
of the world’s languages; Maddieson, 2013)—namely, lexical tone.	
Lexical Tone	
Unlike stress and intonation languages such as English (where voice pitch serves primarily as a 
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cue for syllabic prominence and/or sentence type), tone languages such as Mandarin employ 
pitch to signal lexical contrasts (i.e., different words). Much like segment inventories, tone 
inventories vary considerably across languages, both in terms of the number of categories and 
the nature of the distinctions among categories (e.g., relative importance of pitch height vs. pitch 
contour). Two major types of lexical tone systems are register systems, in which tone categories 
differ primarily in terms of the level (i.e., height) of the pitch contour, and contour systems, in 
which tone categories differ primarily in terms of the shape of the pitch contour. In addition, 
some languages present mixed tone systems that include contrasts in pitch level and pitch shape. 
For example, whereas Yoruba evinces a prototypical register tone system that distinguishes 
among three phonemic level tones (low, mid, high), Thai has a mixed tone system that 
distinguishes among five phonemic tones: three level tones (low, mid, high) plus two contour 
tones (rising, falling) (Maddieson, 2013).	
 The four-tone system of Mandarin (a contour tone system with high level, mid rising, 
low falling-rising, and high falling tones) was selected for the current study for several reasons. 
First, Mandarin is a L2 of increasing importance worldwide (Dillon, 2010; Starr, 2009), so 
findings on Mandarin are relevant for many language learners. Second, the Mandarin tone 
system is widely studied in the literature on tone learning; consequently, there is ample basis for 
comparison with previous results. Third, previous work on tone learning suggests that a contour 
tone system as in Mandarin may be particularly challenging for English speakers (the target 
population in this study) because at least older English speakers tend to be biased toward 
attending to pitch height rather than pitch direction (e.g., Maddox, Chandrasekaran, Smayda, & 
Yi, 2013). Finally, the Mandarin system is intermediate in size and complexity compared to 
other tone systems across the world, thus providing a useful starting point for an examination of 
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tonal aptitude.	
Indicators of Tonal Aptitude 
Although some research has examined the prediction of success in learning Mandarin (Carroll, 
1958; Carroll & Sapon, 1955; Winke, 2007, 2013), these studies measured overall proficiency or 
broad language skills (reading, listening, speaking, writing), rather than success with tone 
specifically. Thus, existing findings support the predictive validity of the MLAT for Mandarin 
learners but do not provide information about tonal aptitude. 	
Because tone languages employ distinctions in relative pitch, one potential measure of 
tonal aptitude might be ability to perceive relative pitch in either linguistic or nonlinguistic (e.g., 
musical) contexts. Several strands of evidence suggest a close relationship between musical tone 
processing and linguistic tone processing. For example, perfect pitch is more prevalent among 
speakers of tone languages than speakers of non-tonal languages (Deutsch, Henthorn, & Dolson, 
2004). Furthermore, the strength of the human brainstem’s responses to both musical and 
linguistic pitch are stronger for musicians than non-musicians (Musacchia, Sams, Skoe, & Kraus, 
2007; Wong, Skoe, Russo, Dees, & Kraus, 2007), and early musical training affects later pitch 
processing in both music and language (Bidelman, Hutka, & Moreno, 2013; Schön, Magne, & 
Besson, 2004). 	
Several studies have investigated the relationship of musical experience to lexical tone 
learning. Results suggest that English-speaking musicians are better than non-musicians at 
identifying, discriminating, and imitating Mandarin tones (Alexander, Wong, & Bradlow, 2005; 
Bidelman et al., 2013; Gottfried & Ouyang, 2005, 2006; Gottfried, Staby, & Ziemer, 2004) as 
well as identifying Thai tones (Wayland, Herrera, & Kaan, 2010). In addition, English-speaking 
musicians outperform non-musicians in a Mandarin word learning task (Wong & Perrachione, 
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2007; see Cooper & Wang, 2012, for similar results for Cantonese), a disparity associated with 
differences in the neural processing of pitch (Wong, Chandrasekaran, Garibaldi, & Wong, 2011; 
Wong, Skoe et al., 2007; Wong et al., 2008). In these studies of tonal word learning, naïve 
speakers of English learned a small set of monosyllabic pseudowords (15–24 items total), subsets 
of which could be distinguished only by tone. 	
 Whereas most recent work on the relationship between music and lexical tone learning 
has focused on the role of musical experience, other research has examined the relationship of 
musical aptitude to L2 learning.2 However, these studies have focused primarily on non-tonal 
languages such as French (Dexter, 1934; Fenner, 1955; Leutenegger & Mueller, 1964; Pimsleur, 
Stockwell, & Cromley, 1962), English (Brutten, Angelis, & Perkins, 1985; Slevc & Miyake, 
2006), Spanish, and Korean (Gilleece, 2006) and have produced a complex set of findings, 
perhaps due to variability in participant samples and measures of aptitude.3 For example, Brutten 
et al. (1985) found that rhythm discrimination, but not pitch discrimination, was correlated with 
success in English pronunciation (for learners from various language backgrounds), whereas 
Slevc and Miyake (2006) showed that high overall musical aptitude was associated with 
successful English /l/-/r/ pronunciation for Japanese learners. Pimsleur et al. (1962) found that 
accurate pitch discrimination was associated with successful auditory comprehension in French 
and with high scores in language lab activities, but not with oral proficiency. Most relevant to the 
current study, both musical experience and aptitude have been shown to predict success with 
tone: Wong and Perrachione (2007) reported that individuals with greater amounts of private 
music lessons performed more successfully in a Mandarin tone learning task, and Cooper and 
Wang (2012) found that both measures of prior musical experience and musical aptitude scores 
predicted success in tonal word learning for native speakers of English. Additionally, Delogu, 
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Lampis, and Belardinelli (2006, 2010) showed that higher musical aptitude scores were 
associated with greater tone discrimination ability. 	
Another potential component of tonal aptitude is the tonal aspect of auditory working 
memory (WM) (e.g., Tierney & Pisoni, 1993). Tanaka and Nakamura (2004) suggest that verbal 
memory and musical memory are elements of a unitary auditory memory system and that 
differences in the capacity of this system, as measured by musical and verbal tasks, may predict 
individual differences in L2 pronunciation. Similarly, Pechmann and Mohr (1992) propose that a 
tonal loop may support rehearsal of tonal information within the WM system, similar to the way 
that the articulatory loop supports verbal rehearsal and the visuo-spatial sketchpad supports 
rehearsal of visual information in Baddeley’s WM model (Baddeley, 1986). Additional evidence 
suggests that musicians, who show enhanced ability to discriminate lexical tones, outperform 
non-musicians in behavioral tests of both pitch short-term memory (STM) and some aspects of 
WM (Bidelman et al., 2013). Other researchers, however, have not found a strong relationship 
between WM and learning of tonal vocabulary (Perrachione, Lee, Ha, & Wong, 2011).	
 Taken together, linguistic and musical aspects of pitch ability may relate to tone learning 
success in four main ways. First, linguistic tone sensitivity and musical pitch sensitivity may 
reflect a global neural sensitivity to pitch1 (shared across language and music), which stems 
from a domain-general cognitive processing of pitch and thus aids in the learning of pitch 
patterns in general (e.g., Perrachione, Fedorenko, Vinke, Gibson, & Dilley, 2013). Second, 
linguistic tone sensitivity in particular is likely to provide an advantage in associating linguistic 
tones with meaning. Third, musical experience may lead to the improvement of pitch processing 
and/or auditory memory, which in turn may facilitate tone learning (e.g., Patel, 2011). Finally, 
the pitch aspects of musical aptitude, as a construct separate from previous musical experience, 
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might represent a facet of pitch ability distinct from linguistic tone sensitivity, which (like 
linguistic tone sensitivity) also drives differences in tone learning success.  	
The Present Study	
Although much of the research on tone perception and learning has focused on group-level 
contrasts, individual differences in pitch ability are likely to inform the prediction of individual 
success in learning tones. Such individual differences have been measured behaviorally using 
various methods, such as tests of pitch perception, pitch discrimination, and pitch STM (e.g., 
Bidelman et al., 2013; Perrachione et al., 2011; Wong & Perrachione, 2007); however, the 
literature has not clearly separated linguistic and nonlinguistic (namely, musical) aspects of pitch 
ability—from each other or, for that matter, from more general cognitive ability—to determine 
which aspects of pitch ability may be most important for learning a tone language. This 
limitation of the literature provided the motivation for the current study, which addressed three 
research questions: 	
1. Can pitch ability and/or musicality predict tonal word learning over and above general 
cognitive ability4 and general L2 aptitude?	
2. Which aspects of pitch ability are the most effective predictors of tonal word learning?	
3. What is the relationship among pitch ability, musicality, general L2 aptitude, and general 
cognitive ability? 	
To answer the first and the second questions, we conducted a correlational study of 
Mandarin word learning. In this study, naïve native speakers of English completed a battery of 
cognitive tests and learned a small lexicon of Mandarin pseudowords over six training sessions. 
Although the basic word learning paradigm was similar to that used in previous work 
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(Chandrasekaran, Sampath, & Wong, 2010; Wong & Perrachione, 2007; Wong et al., 2011), this 
study moved beyond previous studies in three main ways. First, it employed multiple regression 
with a sample of learners large enough to treat previously studied predictor variables such as 
musical experience, as well as learning outcomes, at an individual, rather than group, level 
(similar to the type of individual-level analysis seen in Perrachione et al., 2011). Second, it 
jointly examined measures of musical experience, musical aptitude, pitch perception, auditory 
memory, general cognitive ability, and general L2 aptitude. Third, it used target lexical items that 
were longer, more phonologically diverse, and more ecologically valid (being consistent with 
Mandarin phonotactics) than those examined in previous work. These design features allowed us 
to carry out more fine-grained analyses of individual differences in tonal word learning, to 
evaluate the predictive power of pitch ability in the context of other relevant predictors, to 
determine which aspects of pitch ability best predict success with lexical tone, and to arrive at 
results more generalizable to Mandarin learning outside the confines of our word learning task 
(e.g., the learning of real Mandarin words). 	
To address the second and third questions, we conducted a principal component analysis 
targeting the measures collected through the current test battery. This analysis provided 
information about the interrelationships among included measures, with implications both for 
scientific knowledge of the connections among pitch perception, pitch memory, and musical 
measures and for the development of language aptitude tests.	
Our regression and principal component analyses were designed to test three main 
hypotheses. First, given that general cognitive ability and general L2 aptitude should both predict 
success at a Mandarin word learning task (as these abilities are important for any L2 learning 
task), we hypothesized that measures of linguistic and nonlinguistic pitch processing would 
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provide additional predictive validity because of the close relationship of pitch ability to the tonal 
aspects of the learning task. Second, we hypothesized that pitch-specific behavioral measures 
(e.g., tone discrimination) would be more effective predictors, compared to non-pitch-specific 
musical aptitude measures or musical experience measures, because they more directly reflect 
pitch processing capabilities. Third, we hypothesized that transfer of learning to new talkers 
(speaking voices) would require additional skills (e.g., ability to classify the physical signal into 
broad categories of pitch contour) beyond those involved in perceiving familiar talkers (those 
included in training) because perception of novel talkers cannot be accomplished using talker-
specific strategies developed during training and, instead, must draw upon broad linguistic 
representations formed over talkers.  	
Method	
Participants 
A total of 160 participants (57 males; Mage = 21.7 years) provided data. All were paid for 
participation and gave informed consent. They were native speakers of English between the ages 
of 18 and 30 with normal or corrected-to-normal vision, no previous tone language experience, 
and no known hearing deficits. All were recruited from the University of Maryland community. 
Although 226 participants began the study, 66 were excluded. Four were dismissed because of 
ineligible age (1), previous participation (1), or previous knowledge of a Chinese language (2). 
Nineteen others were excluded from the analyses because of heritage knowledge of a non-
Chinese tone language. Additionally, 35 participants attrited before completing the study, and 
eight were discarded due to missing data, failure to follow instructions, completion of training 
sessions at the wrong time intervals (i.e., more than two days apart, or more than one session per 
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day), and/or a lack of effort (e.g., impossibly quick response times suggesting that they were not 
attending to stimuli). Because musical experience and musical aptitude were variables of interest 
in this study, participants were recruited from the University of Maryland music department as 
well as the wider university community to ensure a broad range of musical experience. Of the 
final set of participants, 78% reported previous group music lessons, 61% reported previous 
private music lessons (see Table 1), and 12.5% were college music majors. 
TABLE 1	
Materials	
Participants completed five laboratory sessions, each lasting 1–2 hours.5 No two sessions could 
be completed in the same day, and the fourth and fifth sessions had to occur within two days of 
one another. All sessions were held in a computer lab containing 14 individual computer stations 
separated by dividers. At any given session, 1–12 individuals participated, and proctors 
monitored participants’ progress. 	
The task battery comprised a number of cognitive tests as well as a multi-session training 
paradigm in which participants learned a set of Mandarin pseudowords. The cognitive tests 
produced four types of predictor measures (see Table 2): (a) pitch ability measures hypothesized 
to be components of tonal aptitude, (b) musicality measures (incorporating both musical aptitude 
and musical experience), (c) control measures of general foreign language aptitude, and (d) 
control measures of general cognitive ability. Pitch ability measures (i.e., pitch-specific 
behavioral measures) were the primary focus of the study. The other measures were included to 
account for musicality, general cognitive ability, and overall L2 aptitude. Specifically, we 
wanted to determine how the pitch ability measures were related to other measures already 
known to have predictive validity for L2 learning, and whether the pitch ability measures could 
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provide additional predictive validity for learning of words that contrast crucially in tone. 
TABLE 2	
Pitch Ability Tests 
Four pitch-related tasks covered both linguistic and nonlinguistic tone processing as well as pitch 
height and pitch contour contrasts. Linguistic measures came from two perceptual tasks 
(discrimination and identification) involving isolated Mandarin tones.6 Nonlinguistic measures 
were obtained using two perceptual tasks involving non-speech pure tones (measuring STM for 
pitch height and identification of pitch contour).	
Tone Discrimination 
This task tested participants’ ability to detect tonal differences using a categorial AX procedure 
(Flege, 2003). In AX discrimination, two auditory stimuli (A and X) are presented successively 
and the listener identifies them as either the “same” or “different.” Stimuli in each trial of the 
current task contained the same segments, but sometimes different tones, and were produced by 
different talkers to prevent discrimination at a purely auditory level. The stimulus set consisted 
of 24 monosyllabic tonal minimal pairs, which involved 96 trials: 48 different trials (two 
presentations of each minimal pair in both orders) and 48 same trials. With an inter-stimulus and 
inter-trial interval (ITI) of 1 second each, the task lasted 11–12 minutes and produced two 
measures: d′ (a measure of perceptual sensitivity) and mean reaction time (RT) for accurate 
responses.	
Tone Identification 
An identification task was used in addition to a discrimination task because identification is more 
difficult (forcing listeners to make judgments about stimuli one at a time rather than in direct 
comparison) and more closely resembles ordinary speech processing. This task employed a one-
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interval, four-alternative forced-choice (4AFC) procedure in which the response options 
reflected the four-tone system of Mandarin (for examples of studies using this paradigm, see 
Wang, Spence, Jongman, & Sereno, 1999, and Wang & Kuhl, 2003). A 4AFC task is challenging 
due to multiple response options. To mitigate the difficulty, we eschewed arbitrary category 
labels in favor of graphic representations (line drawings) that transparently reflected the pitch 
contours of the tones. The task began with a two-minute familiarization phase in which 
participants were exposed to the Mandarin tones and how they mapped onto the category labels. 
In the test phase, each trial presented a stimulus in isolation, which participants had to identify as 
one of the categories. Stimuli consisted of 20 monosyllabic tonal minimal quadruplets,7 for a 
total of 80 test trials. With an ITI of 1 second, this task (including familiarization) lasted 9–10 
minutes and produced two measures: percent accuracy and mean RT for accurate responses. 	
Pitch Short-Term Memory (Pitch STM) 
This test measured auditory STM for non-speech level tones (sine waves) in two conditions (e.g., 
Deutsch, 1970, 1972; Semal & Demany, 1993). In each condition, participants completed three 
practice trials with feedback before moving on to 48 test trials without feedback. In the first 
(control) condition, each trial involved participants hearing an alert sound indicating the trial’s 
start, listening to a first tone, retaining it in memory during a five-second silence, hearing a 
second tone, and then pressing a button to indicate whether the second tone was the same as or 
different from the first. In the following interference condition, trials were the same in structure 
except that during the five-second interval between the two tones, six intervening tones were 
played. The design of this task, including the tone frequencies used, was modeled on Pechmann 
and Mohr (1992). This test took 10 minutes and produced two measures: percent accuracy in 
each of the two conditions. 	
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Pitch Contour Identification 
This test measured participants’ sensitivity to pitch contour by having them identify the type of 
contour in 42 non-speech tones (sine waves) varying in terms of pitch height and slope. 
Participants first completed 12 practice trials with feedback and then 336 test trials (four blocks 
of 84 trials) without feedback. On each trial, participants had to identify a stimulus as either 
“flat,” “rising,” or “falling” in pitch (for further details, see Bent, Bradlow, & Wright, 2006). 
This test took 30 minutes and produced two measures: percent accuracy and mean RT for correct 
responses.	
Musicality Tests 
Measures of musicality were obtained from two tests of musical aptitude and a questionnaire 
about previous musical experience.	
Musical Aptitude 
The primary test of musical aptitude was The Advanced Measures of Music Audiation (AMMA; 
Gordon, 1989), which requires participants to listen to pairs of short musical phrases and indicate 
whether the phrases are identical, different in pitch, or different in rhythm. This test took 20 
minutes and was presented and scored by the AMMA software, yielding separate scores for Pitch 
and Rhythm. In addition, participants completed two parts of the Wing Musical Aptitude Test 
(WMAT; Wing, 1968), which provided information about perception of pitch in the context of a 
complex sound structure (a chord; WMAT, Part I) and memory for pitch in the context of a 
melody (WMAT, Part III). The WMAT took 10 minutes and produced an accuracy score for 
each part.	
Musical Experience 
Prior musical training and involvement were assessed through a musical background 
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questionnaire covering both formal musical training and informal musical experience. The 
questionnaire included items from the Ollen Musical Sophistication Index (OMSI; Ollen, 2006) 
and Cuddy, Balkwill, Peretz, and Holden (2005), as well as items commonly collected in the 
literature, such as instruments played and length of private music lessons.	
Foreign Language Aptitude Tests 
Six tasks measuring aspects of L2 aptitude were included in the test battery. These tasks were 
motivated by recent research on L2 aptitude (Bowles, Silbert, Jackson, & Doughty, 2011; 
Bunting et al., 2011; Linck et al., 2012, 2013) and were used over alternatives such as the MLAT 
to examine pitch ability measures in the context of modern conceptualizations of L2 aptitude. 
The tasks were (a) Consonant Discrimination, which tested the ability to distinguish between two 
Hindi syllables evincing nonnative voicing contrasts, (b) Nonword Span, which measured 
phonological STM, (c) Running Memory Span, which measured WM, (d) Antisaccade 
Analogue, which measured the executive function of inhibition, (e) Serial Reaction Time, which 
measured implicit induction, and (f) Paired Associates, which measured verbal rote learning 
(patterned after a similar task in the MLAT). For more information about the structure and 
scoring of these tests, as well as their underlying cognitive constructs, see Doughty et al. (2010). 	
In addition to these cognitive tests, participants completed a language background 
questionnaire about early L2 experience and prior L2 study. Four measures were derived from 
this questionnaire: (a) whether or not the participant reported any heritage language exposure in 
the home before age 18 (Heritage Language Exposure), (b) the number of L2s previously studied 
(Number of L2s), (c) an average of the participant’s self-reported highest reading and writing 
levels in any L2 (L2 Reading/Writing), and (d) an average of the participant’s self-reported 
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highest listening and speaking levels in any L2 (L2 Listening/Speaking). The latter two variables 
were measured on a 5-point rating scale (1 = limited, 5 = excellent).	
General Cognitive Ability Tests 
Each participant completed two control tasks measuring general cognitive ability (i.e., 
crystallized and fluid intelligence).  
Wonderlic 
The Wonderlic Contemporary Cognitive Ability Test, a revised version of the Wonderlic 
Personnel Test (Wonderlic Inc., 1999), measures general cognitive ability (“g”) and is highly 
correlated with longer tests of “g” such as the Wechsler Adult Intelligence Scale. The test items 
are multiple-choice or short-answer questions of various types including vocabulary, arithmetic, 
and logical reasoning (Gesinger, 2001). The test was administered in a group setting, with a 
researcher controlling timing. The score was the total number of items successfully completed 
within 12 minutes. 	
Letter Sets 
The Letter Sets Test is a short test of explicit induction drawn from the Kit of Factor-Referenced 
Cognitive Tests (Ekstrom, French, Harman, & Derman, 1976) and was adapted for computer 
presentation in this study. The score was the total number of items successfully completed within 
7 minutes.	
Tonal Word Learning 
To measure participants’ ability to acquire the tone system of Mandarin, we used a word learning 
task (Tonal Word Learning) similar to that used in previous work on ab initio learning of 
Mandarin tone contrasts (Chandrasekaran et al., 2010; Wong & Perrachione, 2007; Wong et al., 
2011). Over six sessions, participants learned to associate 24 tonal word forms (two 
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monosyllabic tonal minimal quadruplets, four disyllabic tonal minimal quadruplets with tonal 
contrast on either the initial or final syllable) with unique meanings. The target items were 
pseudowords in the sense that none of the sound-meaning pairs represent real sound-meaning 
correspondences in Mandarin; the monosyllabic sound sequences occur, but have different 
meanings, whereas the disyllabic sound sequences do not occur (due to the given tone 
combination). This task provided the main dependent variable representing success at learning 
lexical tone: accuracy of meaning identification. 	
Although the basic design of our Tonal Word Learning task was similar to that used in 
several previous studies, it was most similar to that in Chandrasekaran et al. (2010) and Wong et 
al. (2011). In particular, our target lexicon comprised the same number of items (24) as in those 
two studies. Nevertheless, our target lexicon was more challenging to learn in two respects. First, 
it was more diverse phonologically, including not only monosyllabic items, but also longer 
(disyllabic) items; this required participants to learn more phonological material overall as well 
as to learn the tonal contrasts in a greater variety of contexts (in isolation, preceding another tone 
within the same word, and following another tone within the same word). Second, the non-tonal 
(i.e., segmental) aspects of the target items differed to a greater degree from the segmental 
phonology of the L1 (English) because they were natural Mandarin syllables; that is, the items 
were not English-specific segmental sequences overlaid with Mandarin tone contours (cf. Wong 
& Perrachione, 2007), but Mandarin segmental sequences naturally produced with Mandarin 
tones. 	
In addition, the current Tonal Word Learning paradigm differed from that in 
Chandrasekaran et al. (2010) and Wong et al. (2011) in including fewer training sessions (six 
compared to more than nine). Since our objective was to provide enough training to be able to 
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see individual differences in learning, we included only enough training sessions to be able to 
accomplish this while allowing the very best learners to reach ceiling. The number of sessions 
that accomplished this in Chandrasekaran et al. (2010) was 4–5; therefore, since our materials 
were more difficult, we included six sessions.8 For logistical reasons, these six sessions were 
condensed into three visits to the laboratory (two sessions per visit).	
The audiovisual stimuli for Tonal Word Learning comprised audio recordings of six 
native Mandarin speakers uttering the target phonological forms, as well as pictures representing 
the intended meanings. The six Mandarin speakers (three females; Mage = 23.2 years) were born 
and raised until at least the age of 18 in northern China with Mandarin as the primary language 
spoken at home; they were also proficient in English and were recorded in a sound-attenuated 
booth in the US (using a head-mounted condenser microphone and mobile audio recorder, at 
44.1 kHz and 24 bps). During recording, each of the target phonological forms was presented on 
an index card in terms of simplified Chinese characters and pinyin Romanization, and talkers 
were instructed to read the pinyin (due to the phonological ambiguity of many characters) at a 
comfortable volume and pace. To encourage natural production of the disyllabic items (which 
were all nonce forms by design), talkers were specifically instructed to say them normally, as if 
they were real words (i.e., without pausing between syllables). The intended meanings of the 
items were chosen using the MRC Psycholinguistic Database to be high in imageability, 
concreteness, and English frequency, and were represented in the word learning task by colored 
line drawings (Rossion & Pourtois, 2004). For a full list of items, see Appendix S1 in the 
Supporting Information online.	
Each session of Tonal Word Learning consisted of three interleaved phases: 
familiarization, training with feedback, and testing without feedback. In all phases, single-
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stimulus exposure to the stimuli was used because it has been shown to yield similar training 
benefits as paired-stimulus exposure (Wayland & Li, 2008) and corresponds closely with the 
listener’s task in normal speech perception. Familiarization and training phases were blocked by 
tonal minimal quadruplet as in Wong et al. (2011), with monosyllabic quadruplets presented 
first. In all cases, the ITI was 1 second.	
In each familiarization phase, participants were first exposed to the audiovisual stimuli 
(image depicting the target meaning on screen, audio recording of the word form over 
headphones) to be presented during the subsequent training phase. Each stimulus was presented 
four times, each time with the audio portion pronounced by four different talkers (two per sex). 
All familiarization phases combined lasted approximately 7–8 minutes. In each training phase, 
participants completed 16 trials of meaning identification with feedback. On each trial, they 
heard one of the four tonal word forms presented during the immediately preceding 
familiarization phase and tried to identify its meaning from among four response options 
(pictures representing the relevant minimal quadruplet). After entering their response, they were 
shown on screen whether they were correct or not. All training phases combined lasted 10–12 
minutes. In each test phase, participants completed 96 trials of meaning identification (four 
presentations of each of the 24 stimuli) without feedback. Test trials were identical to training 
trials except that they provided no feedback, were mixed (rather than blocked by quadruplet), 
and presented all 24 response options. The test phase lasted 9–10 minutes. In the first five test 
phases, the audio stimuli were the recordings presented during training, whereas in the sixth test 
phase, they were new recordings uttered by unfamiliar talkers. 	
Tonal Word Learning produced accuracy measures for each of the six test phases, and the 
final two of these were analyzed: Penultimate Accuracy (accuracy during the fifth test phase with 
22 
trained stimuli) and Final Accuracy (accuracy during the sixth test phase with untrained stimuli 
from novel talkers). Final Accuracy was analyzed to examine the ability to transfer learning from 
familiar to unfamiliar talkers. Absolute chance performance on both measures was equivalent to 
4.2% (1/24). If the participant could narrow down the answer choices to the four in the correct 
minimal quadruplet, however, then chance performance increased to 25%.	
Procedure	
During the first day of the study, participants gave informed consent, listened to instructions, and 
completed the Wonderlic. Next, they were familiarized with the computer and testing equipment. 
For the latter half of this day (and in all subsequent days), participants worked at their own pace 
through a written list of assigned tasks (including optional breaks). All participants completed 
the tasks in a fixed order. The first two days consisted of predictor tasks from the test battery. 
The final three days each required participants to complete two sessions of Tonal Word 
Learning, which were separated by one or more intervening tasks measuring relatively stable 
(long-term) individual differences not directly related to Mandarin and, thus, unlikely to be 
affected by a few sessions of Tonal Word Learning. These tasks were the WMAT, Consonant 
Discrimination, Antisaccade Analogue, Serial Reaction Time, and Letter Sets. Most tasks were 
presented via personal computer running E-Prime 2.0. Exceptions were the AMMA (presented 
on computer via CD), the Wonderlic (given in paper-and-pencil form), and the two 
questionnaires (paper-and-pencil). Some computerized tasks required participants to use a 
response box; others required a mouse or keyboard. During testing, participants wore 
headphones. 
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Results	
Data Preparation 
For RT variables, data were examined by participant for each task and any data points greater 
than three standard deviations from that participant’s mean for that condition were replaced with 
the value at three standard deviations from the mean. Then, overall distributions were examined 
for each variable, and transformations (arcsine transformation for percent accuracy, log 
transformation for RT; e.g., Ratcliff, 1993) were applied if they improved normality. To reduce 
the number of variables considered during modeling, Musical Background Questionnaire items 
were subjected to a principal component analysis (PCA). The first component that emerged in 
this analysis captured 34% of the variance in questionnaire responses and was judged on the 
basis of the loadings to best represent overall musical experience. The three musical experience 
variables that loaded most strongly on this first component were selected to be carried forward: 
(a) overall score on the OMSI (OMSI Score),9 (b) whether or not the participant was a college 
music major (Music Major), and (c) total months of private music lessons (Months of Private 
Music Lessons), which was calculated by summing over all instruments (even when lessons for 
multiple instruments occurred during overlapping periods of time).	
Principal Component Analysis of the Predictors	
To examine the relationships among predictors and to further inform data reduction decisions, 
measures of pitch ability, musicality (including the three selected musical experience variables), 
general L2 aptitude (including the four variables derived from the language background 
questionnaire), and general cognitive ability were entered into a PCA. Principal axis factoring 
was used to extract components with eigenvalues greater than 1, and, for ease of interpretation, 
the solution was rotated using the direct oblimin rotation, a type of oblique rotation (Harman, 
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1976). This procedure resulted in an eight-component solution (for loadings, see Appendix S2 in 
the Supporting Information online). 	
Component I: Musical Experience 
This component accounted for 24.2% of variance in the correlation matrix of the predictor 
variables.10 All three musical experience variables loaded strongly on this component.11 In 
addition, accuracy on both parts of the WMAT and Pitch STM – Interference loaded moderately. 
Thus, this component may represent prior musical training and memory for nonlinguistic tones in 
the context of competing tones. 	
Component II: Reaction Time 
This component accounted for 9.2% of variance. RT measures from four tasks (Tone 
Identification, Tone Discrimination, Pitch Contour Identification, Antisaccade Analogue) loaded 
strongly or moderately on this component, separately from their respective accuracy measures. 
Thus, this component represents RT and indicates that the RT and accuracy measures from these 
tasks represent distinct dimensions.	
Component III: Foreign Language Experience 
This component accounted for 7.9% of variance. Two variables related to L2 attainment (L2 
Reading/Writing, L2 Listening/Speaking) loaded strongly and Heritage Language Exposure 
loaded moderately on this component, suggesting that it represents prior L2 experience.	
Component IV: Verbal Memory/Implicit Induction 
This component accounted for 6.8% of variance. Measures of verbal associative memory and 
phonological STM (from Paired Associates and Nonword Span) loaded strongly, while a 
measure of implicit induction (from Serial Reaction Time) loaded moderately. These results 
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suggest that this component represents the verbal memory and implicit induction aspects of L2 
aptitude. 	
Component V: Musical Aptitude 
This component accounted for 5.4% of variance. Accuracy on both sections of the AMMA 
loaded strongly on this component, suggesting that this component captures musical aptitude as 
operationalized by that specific test.12	
Component VI: Pitch Processing 
This component accounted for 4.8% of variance among the predictor variables. Accuracy on 
Pitch STM – Control loaded strongly on this component, and accuracy in several additional pitch 
ability tasks loaded moderately: Tone Discrimination, Tone Identification, Pitch Contour 
Identification, and the WMAT, Part III (testing pitch memory). This component thus seems to 
encompass aspects of both linguistic and nonlinguistic pitch processing, providing further 
evidence of joint processing (e.g., Perrachione et al., 2013).	
Component VII: Inhibition 
This component accounted for 4.2% of variance. The accuracy and RT measures from 
Antisaccade Analogue (testing inhibition) loaded together on this component. Consequently, this 
component appears to be related to inhibitory control. 	
Component VIII: General Learning Ability 
The final component accounted for 4.0% of variance. No measures loaded strongly on this 
component. Loading moderately were measures reflecting general cognitive ability (from Letter 
Sets and Wonderlic) and pitch ability (accuracy on Tone Identification, which involved learning 
to label pitch patterns). Together, these loadings suggest that this component represents general 
learning or reasoning ability.	
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Regression Analyses of Learning	
Whereas the PCA results provided information about the relationship of measures within the set 
of potential predictors, regression analyses were needed to determine which measures were most 
predictive of success in Tonal Word Learning. Mean accuracies in the penultimate and final test 
phases of Tonal Word Learning were similar (penultimate: M = 53%, SD = 25%; final: M = 52%, 
SD = 25%; see Appendix S3 in the Supporting Information online for further descriptive 
statistics) and showed significant learning. Although the mean accuracy in the final test phase 
(Session 6) was only 52%, this represented a 48% increase over chance performance (4%), 
indicating that substantial learning had occurred by the end of training. Learning was also 
apparent in the overall trajectory of accuracy during training (Figure 1), which steadily increased 
from Session 1 to Session 5 before decreasing slightly in Session 6 (the generalization session 
introducing novel talkers at test); this was also the case when the data were split into “good 
learners” above the median in Session 6 (n = 78) and “poor learners” below the median in 
Session 6 (n = 78), although good learners showed a steeper trajectory.  
FIGURE 1	
The likelihood of an accurate response in the penultimate and final test phases 
(Penultimate Accuracy and Final Accuracy, respectively) was analyzed in separate mixed-effects 
logistic regression models (e.g., Jaeger, 2008), starting with random effects for Participant and 
Quadruplet (i.e., the tonal minimal quadruplet represented by an item) and adding in fixed effects 
for the predictor variables. In all, there were 22 possible fixed-effect predictors (6 for pitch 
ability, 7 for musicality, 7 for general L2 aptitude, 2 for general cognitive ability); see Appendix 
S4 and Appendix S5 in the Supporting Information online for the correlation matrix of these 
predictors and reliability statistics. Because our research questions all concerned pitch ability, all 
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nine accuracy measures from pitch-related behavioral tasks and all three of the selected musical 
experience measures were retained for modeling. As discussed above, RT measures loaded on a 
component together, so only the strongest-loading measure (from Tone Discrimination) was 
carried forward as the final pitch ability measure. Since the L2 experience variables also loaded 
together, only the strongest-loading (L2 Listening/Speaking) was carried forward as a L2 
aptitude measure, along with the six behavioral L2 aptitude measures. Finally, measures from 
both Letter Sets and Wonderlic were carried forward as general cognitive ability measures.	
Considering the relatively small ratio of participants to predictors, we followed a two-
step process in modeling. First, single-predictor models were run for each predictor to rank the 
predictors according to informativeness as indexed by the Akaike information criterion (AIC; 
Akaike, 1974). Second, full models were built incrementally in order to avoid overfitting the 
data, and at each stage a predictor was kept only if it significantly improved the model’s 
predictions according to likelihood-ratio tests. Order of entry was determined by 
informativeness; that is, the predictor that was most informative on its own (associated with the 
lowest AIC in a single-predictor model) was entered first, followed by the next most informative 
predictor, and so on. This method of entry was used to provide a strong test of whether a given 
predictor should be kept in the model.	
Six predictors significantly improved the model of Penultimate Accuracy beyond random 
effects: by order of entry, accuracy in Tone Identification, dʹ in Tone Discrimination, Nonword 
Span, Paired Associates, Months of Private Music Lessons, and Letter Sets, all χ2(1) > 8.29, p < 
.001. No other variables further improved the model, all χ2(1) < 3. The fixed-effect coefficients 
for this model are given in Table 3. All are positive, indicating that higher scores on each of the 
predictor measures were associated with a higher likelihood of accuracy. 
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TABLE 3	
Eight predictors significantly improved the model of Final Accuracy beyond random 
effects: by order of entry, accuracy in Tone Identification, dʹ in Tone Discrimination, Nonword 
Span, Pitch Contour Identification, Letter Sets, Pitch STM – Interference, Paired Associates, and 
Months of Private Music Lessons, all χ2(1) > 5.01, p < .05. Most of these were also predictive of 
Penultimate Accuracy; however, Pitch Contour Identification and Pitch STM – Interference were 
not. Thus, two additional predictors beyond those in the model of Penultimate Accuracy emerged 
as significant in this model. No other measures further improved the model, all χ2(1) < 3. The 
fixed-effect coefficients are shown in Table 3; all are again positive, indicating that higher scores 
on the predictor measures were associated with a higher likelihood of accuracy. 	
Individual Differences in Learning 	
To explore individual differences in learning in greater detail, the learning trajectory of each 
participant was plotted according to quartile in the final test phase (Figure 2). Examination of 
these individual trajectories revealed that, as in Chandrasekaran et al. (2010) and Wong et al. 
(2011), there was considerable variation among participants with respect to their starting and 
ending points, rate of learning, and steadiness of improvement. Consistent with the differences 
between good learners and poor learners seen in Figure 1, participants varied widely in terms of 
their ultimate accuracy in Session 6; however, they also varied in terms of their initial accuracy 
in Session 1, as shown in Figure 2.  
FIGURE 2	
In addition, there were marked differences among participants in their rate of learning 
(i.e., the slope of their trajectory). In some cases, the slope of the trajectory could be attributed to 
the participant’s starting point, but in general the differences in slope occurred in spite of 
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differences in starting point. Participants with the lowest Session 1 accuracies (mostly in the first 
and second quartiles) generally showed the flattest trajectories despite having the most room for 
improvement, whereas participants in the fourth quartile showed the steepest trajectories 
(especially between Session 1 and Session 3, the midpoint of the learning regimen). In this 
regard, there was a notable contrast between participants in the first and second quartiles: 
Although these two groups showed similar levels of accuracy in Session 1, the second-quartile 
group showed considerably more learning over time. Compared to learning trajectories in the 
second quartile, those in the third quartile tended to be steeper, and those in the fourth quartile, 
steeper still. Participants in the fourth-quartile group tended to show particularly fast rates of 
learning, such that some were already performing at ceiling in Sessions 2 and 3. Differences 
between quartiles in rate of learning were reflected in significantly greater gains in accuracy 
from Session 1 to 3 for each of quartiles 2–4 in comparison to the quartile immediately below, all 
Welch-corrected two-sample ts > 3.66, p < .001.	
Finally, participants also showed variation in the stability of their learning gains. 
Although the general pattern across sessions was for accuracy to increase, many participants 
showed dips in accuracy between consecutive sessions, which in some cases were quite large. On 
the whole, however, decreases in accuracy between consecutive sessions were relatively small 
compared to increases in accuracy between consecutive sessions, suggesting that most 
participants were indeed learning from the training, even if their progress over time was 
susceptible to temporary setbacks.  	
Discussion	
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In this study, we explored three main questions. First, can measures of pitch ability and 
musicality predict learning of L2 tonal contrasts once we control for general cognitive ability and 
general L2 aptitude? That is, can we identify an aptitude for the tonal aspect of a L2 specifically? 
Second, which aspects of pitch ability are central to such an aptitude for tone? Third, how do 
measures of pitch ability relate to one another and to measures of musicality, general cognitive 
ability, and general L2 aptitude?	
Results were consistent with all three of our hypotheses. First, measures of linguistic 
pitch processing and musicality improved predictions of Tonal Word Learning performance 
beyond general cognitive ability and L2 aptitude measures, suggesting that aptitudes for specific 
L2 features such as tone can indeed be identified. Second, although one measure of musical 
experience was a significant predictor of Tonal Word Learning performance, the strongest 
predictors were behavioral tests of pitch processing, especially linguistic tasks such as Tone 
Discrimination and Tone Identification, similar to Cooper and Wang’s (2012) findings for 
Cantonese. Because these two tasks employed the Mandarin tone system, it is not surprising that 
they were the best predictors of success in a Mandarin learning task; in this sense, such 
language-specific tasks may be similar to “work sample tests” such as those explored by Carroll 
and Sapon (1955) during development of the MLAT. Finally, transfer of learning to new talkers 
was related to additional predictors beyond those that predicted performance on talkers included 
in the training set (namely, Pitch Contour Identification and Pitch STM). Consistent with 
previous studies (e.g., Wong & Perrachione, 2007), this suggests that nonverbal aspects of pitch 
processing are important for generalization of tone learning by L1 speakers of non-tonal 
languages. That is, aspects of both short-term memory for pitch and judgment of linguistic pitch 
contour may be particularly important for the process of transferring categorical information 
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about the learned Mandarin tone system onto judgments of new talkers, who differ in pitch 
register, pitch range, and other vocal characteristics. Interestingly, musical experience predicted 
success only with familiar talkers and not with new talkers, suggesting that although musicality 
may be important for initial learning of lexical tone contrasts, it may be less relevant for transfer 
of learning to new talkers once an initial level of competence with the training set has been 
established. 	
Although we had no strong a priori hypothesis regarding how the pitch ability measures 
would relate to one another or to other measures from the battery, our analyses suggested that 
some behavioral measures of pitch processing ability were separable from musical experience 
measures. In doing so, the current analyses move beyond previous work on the relationship of 
music and lexical tone learning (e.g., Wong & Perrachione, 2007) by providing new information 
about the shared variance among musicality measures and other measures of pitch ability. Our 
results also indicated that both the pitch processing and musical experience components were 
distinct from general cognitive ability and from aspects of L2 aptitude. Measures that loaded 
most strongly on the pitch processing component were, in turn, the most informative predictors 
of Tonal Word Learning performance. Additionally, the results suggested that different tests of 
musical aptitude may be measuring quite different aspects of musical processing or experience. 	
Given the concern of previous studies with the relationship between music and lexical 
tone, we included several music-related predictor variables in this study; notably, however, with 
only one exception (the experiential variable Months of Private Music Lessons) these failed to 
provide predictive validity beyond that of tone perception measures. This is notable because in 
contrast to previous studies, which were limited to group-level comparisons of musicians versus 
non-musicians or good versus poor pitch perceivers (e.g., Cooper & Wang, 2012; Wong & 
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Perrachione, 2007), the large number of participants in the current study enabled a more sensitive 
correlational treatment of musicianship in terms of a continuum of individual differences. With 
this treatment, musical variables on the whole did not turn out to be powerful predictors of tonal 
word learning compared to tone-specific measures. These results suggest that previous findings 
of an advantage for musicians in tone-related tasks are driven in large part by underlying 
individual differences in overall pitch sensitivity and processing that are correlated with previous 
musical experience (e.g., Perrachione et al., 2013). This correlation could arise because musical 
training enhances pitch ability and/or because people with high levels of pitch ability tend to be 
the ones who gravitate toward musical training and, thus, tend to be selected into studies of 
musicians. Whatever the source of this correlation, it is clear that musical variables, which are 
only indirectly related to tone, are less effective predictors of tonal word learning than measures 
directly related to tone perception.  	
Although it may seem obvious that tone perception measures should be the best 
predictors of tonal word learning, this finding serves to support our larger point about the 
relationship between L2 aptitude and L2 attainment—namely, that a feature-specific approach to 
the prediction of L2 attainment (drawing on abilities/aptitudes that are most closely related to the 
given linguistic challenge) is more powerful than a language-general approach (e.g., based on 
general L2 aptitude tests such as those summarized in the introduction section). This point 
converges with the observation of Perrachione et al. (2011) that a more domain-specific 
behavioral measure predicted tonal word learning better than a more general measure did. To 
reiterate, we argue that acquisition outcomes can be predicted more effectively through careful 
consideration of the specific challenges presented by a given L2 or type of L2, along with the 
specific skills required to meet those challenges. Thus, the contribution of the current study is in 
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demonstrating that mastery of a feature of a target language known to be particularly challenging 
for L2 learners—as a necessary component of learning the language at large—is predicted most 
successfully by behavioral measures that are most relevant to that feature. The validity of this 
feature-specific approach to predicting L2 attainment is important to establish since it remains to 
be widely acknowledged in the literature.  
Although the present study takes a promising first step toward identifying aptitudes for 
specific L2 features, there are some limitations that should be acknowledged. First, the 
generalizability of the results is constrained by the laboratory-based nature of the study and by 
the restricted nature of the outcome measures. For example, it is not clear whether the results 
reported here would be found in more naturalistic L2 learning situations, with more top-down 
contextual information, or when using measures of production. In addition, the confines of our 
word learning task did not allow for a systematic examination of other features of tone systems 
(e.g., tone sandhi, secondary phonetic cues such as duration and voice quality) or, for that matter, 
other tone systems besides that of Mandarin (in particular, register tone systems where the tonal 
contrasts center around pitch height rather than pitch contour). Finally, only cognitive and 
perceptual measures were included in the test battery; consequently, the influence of other 
potentially relevant predictors of tonal word learning (such as motivational factors and 
personality characteristics) is unknown. 
 
Future Research and Conclusion	
Nevertheless, this work provides a “proof of concept” for the study of aptitudes underlying 
success with specific L2 features. That is, the current findings demonstrate that skills relevant to 
a challenging aspect of a L2 may provide important sources of information regarding individual 
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differences in learning of that L2. As such, this area represents fertile ground for future research 
on L2 aptitude. Whereas differential prediction of L2 aptitude has been difficult to establish for 
individual L2s or classes of L2s (due to theoretical and practical constraints), focusing on 
specific typological features as we have done in this study may allow for greater progress in 
identifying specific, rather than general, aptitudes for L2 learning. Incorporating these types of 
feature-specific aptitude measures into existing test batteries may lead to improved prediction of 
learner success, with a number of practical consequences. For example, such improved 
prediction could have important policy implications for government training programs or similar 
situations involving selection of learners into languages. More generally, greater precision in the 
evaluation of aptitude as it relates to a given L2 would provide both teachers and students with 
more useful information on the challenges of tackling the given L2 for particular students, 
enabling early intervention through additional training in specific skills. 	
Several avenues for future research are suggested by the current findings. The next 
logical step would be to test whether the predictors of tonal aptitude identified here, which are 
hypothesized to be general predictors of tone learning, do in fact predict tone learning generally. 
Insofar as pitch ability underlies tone learning in all tone languages, we might expect these 
findings to generalize to other tone languages. To what extent the findings do generalize—in 
particular, to tone languages with qualitatively different tone systems (e.g., multiple level 
tones)—is an empirical question that remains to be tested. Additional work should also examine 
whether the predictors of tone learning success found here transfer to naturalistic learning 
conditions and to later stages of learning. 	
Although the general approach to aptitude we have taken in this study has been applied 
here to a feature of L2 phonology, it is not difficult to see how it could be extended to other 
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kinds of L2 features. For example, whereas existing L2 aptitude tests focus on general learning 
ability or on auditory perception and processing, the learning of new orthographies (visual 
representations of language) might rely heavily on visuospatial processing skills, which are not 
generally examined as part of L2 aptitude. Consequently, for a L2 with a complex orthography, 
might it be the case that the ease of acquiring literacy (i.e., orthographic aptitude) is more 
effectively predicted by a learner’s visuospatial processing skills than by general L2 aptitude 
measures? This is the type of question that follows naturally from a featural approach to L2 
aptitude. Thus, this approach to aptitude research provides a framework for formulating concrete 
research questions and, ultimately, developing more fine-grained knowledge of the relationship 
between individual differences and L2 learning success. 
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Notes 
1 “VORD” is not an acronym. It is the word for “word” in the artificial language used in the 
test. 
2 Generally, musical experience refers to past musical training, whereas musical aptitude 
refers to the potential for success with future musical training (which is typically measured 
via an aptitude test). However, the relationship between these two constructs has not been 
well defined in the literature. 
3 Brutten et al. (1985), Dexter (1934), Fenner (1955), Leutenegger and Mueller (1964), and 
Pimsleur et al. (1962) used the Seashore Measures of Musical Talents (Seashore, 1960); 
Slevc and Miyake (2006) used the Wing Musical Aptitude Test (Wing, 1968); and Gilleece 
(2006) used the Bentley Musical Aptitude Test (Bentley, 1966). 
4 By general cognitive ability, we mean both crystallized and fluid intelligence. Because our 
dependent measure is a learning task, including such measures provides a strong test of 
whether targeted measures of tonal aptitude are capturing variance in tone learning beyond 
that explained by individual differences in general learning speed or efficiency.  
5 Forty-nine participants also completed 1–2 additional sessions comprising a speech 
production task, electroencephalography (EEG), and/or magnetic resonance imaging (MRI) 
scans. Participants were selected into these additional sessions if they volunteered and met 
additional criteria. Results from these sessions are not reported here. The MRI sessions did 
not involve any stimuli. The EEG sessions, however, involved listening to tones and thus 
could have affected tonal word learning. To examine this possibility, an independent-
samples t-test was conducted comparing the EEG participants (n = 32) to the non-EEG 
participants (n = 128) on accuracy during the first training session. Although EEG 
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participants performed slightly better (22%) than non-EEG participants (17%), this 
difference was not significant, t(156) = –1.64, p = .10, suggesting that the additional session 
did not significantly affect tonal word learning. 
6 A third tone perception task, which measured the ability to categorize sentence-embedded 
tones from a different L2 (Burmese), was included in the test battery for a different purpose 
and is not reported here. However, the regression analyses reported below were also 
attempted with the measure from this task (percent accuracy) in the pool of predictors, and 
the measure did not emerge as a significant predictor.  
7 A tonal minimal quadruplet is a set of four words that share the same segments, but differ in 
tone and, therefore, meaning (e.g., [ma] uttered with each of the four Mandarin tones). 
8 It should be noted that, despite our significantly more difficult training paradigm, the 
performance of our 160 learners was overall quite close to that of the 16 learners in 
Chandrasekaran et al. (2010). Mean accuracy in Session 5 (pregeneralization) was around 
53% in the current study versus around 58% in Chandrasekaran et al. (2010), judging from 
their Figure 2. 
9 Although some subscores on the OMSI had overall higher component loadings than the total 
OMSI score, the sum score was carried forward as it was judged to most reliably reflect 
various aspects of musical experience.  
10 The determination of which predictor variables account for the most variance in tonal word 
learning performance (the outcome variable) is addressed below.  
11 In these summaries, “strongly” refers to loadings of .65 or higher, and “moderately” refers to 
loadings between .35 and .64. For the exact component loadings, see Appendix S2 in the 
Supporting Information online.  
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12 Although the WMAT has been used as a musical aptitude measure, it loaded moderately 
onto the musical experience component. This may be because performance on the WMAT 
subtasks used (indicate the number of notes in a chord; indicate the note changed in longer 
sequences) is more susceptible to influence from musical training (experience) than 
performance on the AMMA. 
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Additional Supporting Information may be found in the online version of this article at the 
publisher’s website: 
 
Appendix S1. Target Lexicon in the Tonal Word Learning Task. 
Appendix S2. PCA Component Loadings. 
Appendix S3. Descriptive Statistics for Predictor and Dependent Measures. 
Appendix S4. Correlation Matrix of Predictor Measures. 
Appendix S5. Reliability of Predictor Measures.		 	
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Table 1 Distribution of amount of private music lessons reported by participants (in years, 
summed across all musical instruments) 
Private lessons (years) n Percentage 
None 62 38.8% 
0–4 44 27.5% 
5–9 21 13.1% 
10–14 18 11.3% 
15–19 7 4.4% 
20–24 5 3.1% 
25–29 2 1.3% 
30–34 1 0.6% 	 	
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Table 2 Predictor tasks by type and construct 
Type Construct Task 
Pitch ability Tonal perceptual acuity Tone discrimination 
Tonal perceptual acuity Tone identification 
Pitch height STM Pitch STM 
Pitch contour sensitivity Pitch contour identification 
Musicality Musical aptitude AMMA & parts of WMAT 
Musical experience Musical background questionnaire 
General L2 aptitude Segmental perceptual acuity Consonant discrimination 
Phonological STM Nonword span 
WM – Updating Running memory span 
WM – Inhibition Antisaccade analogue 
L2 experience Language background questionnaire 
Implicit induction Serial reaction time 
Verbal associative memory Paired associates 
General cognitive ability Explicit induction Letter sets 
Crystallized intelligence Wonderlic 
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Table 3 Coefficients of significant fixed-effect predictors in final models for penultimate 
accuracy and final accuracy 
Outcome Predictor β (SE) z 
Penultimate accuracy (Intercept) –1.82 (0.34) –5.29*** 
Tone identification (accuracy) 2.15 (0.31) 7.01*** 
Tone discrimination (dʹ) 
Nonword span 
0.26 (0.12) 
0.14 (0.08) 
2.17* 
1.81† 
Paired associates 
Months of private music lessons 
0.44 (0.12) 
0.01 (0.01) 
3.83*** 
3.67*** 
Letter sets 0.26 (0.09)  2.92** 
Final accuracy (Intercept) –3.23 (0.58) –5.60*** 
Tone identification (accuracy) 1.81 (0.29) 6.18*** 
Tone discrimination (dʹ) 0.30 (0.12) 2.64** 
Nonword span 0.19 (0.07) 2.72** 
Pitch contour identification 0.95 (0.56) 1.70† 
Letter sets  0.26 (0.08)  3.16** 
Pitch STM – Interference  0.02 (0.01)  2.75** 
Paired associates 0.33 (0.11) 3.10** 
Months of private music lessons 0.01 (0.01)  2.26* 	
Note. The listed order of predictors reflects order of entry (determined on the basis of AIC in a 
single-predictor model). †p < .10, *p < .05, **p < .01, ***p < .001.		 	
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Figure 1 Percent accuracy at test over the six sessions of Tonal Word Learning. Means are 
plotted over all 160 participants, over participants above the median in Session 6 (good learners), 
and over participants below the median in Session 6 (poor learners). Error bars represent 95% 
confidence intervals of the mean over participants.	
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Figure 2 Individual trajectories in percent accuracy at test over the six sessions of Tonal Word 
Learning, according to quartile in Session 6 (one participant is excluded from the third quartile 
due to missing data from Session 1).	
